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uptake by epithelial cells of the distal nephron [4] . Pendrin is regulated in response to changes in chloride balance [5, 6] , and is important for Cl À conservation [7, 8] . As a consequence, pendrin has been proposed to be one of the key elements that controls renal regulation of extracellular fluid volume and blood pressure. Accordingly, genetic ablation of pendrin has been shown to impair renal adaptation to a low-salt diet, leading to hypotension in this setting [8] . Conversely, mice with pendrin disruption are protected against mineralocorticoid-induced hypertension [9] . The mechanism by which ablation of pendrin lowers blood pressure is not completely clear. Indeed, pendrin is required for proper renal conservation of chloride, and hence of NaCl, the main determinant of vascular volume. However, pendrin has also been shown to control the activity of the sodium channel ENaC [10, 11] , or the release of catecholamines by adrenal glands [12] , two mechanisms by which pendrin inhibition can potentially affect blood pressure significantly. The observation, however, that transgenic mice overexpressing pendrin in intercalated cells are prone to develop salt-sensitive hypertension rather favors the possibility that the impact of pendrin on blood pressure is primarily through its role in renal chloride reabsorption.
All the aforementioned observations have led several groups to propose that pendrin might be a novel target to treat human hypertension [13] [14] [15] . However, the direct demonstration that pendrin inhibition is a good strategy to lower blood pressure, and hence, treat hypertension, has not been provided yet. Therefore, we used a conditional transgenic mouse model that allows the control of pendrin expression by a doxycyclineinducible system to test the effects of pendrin suppression on blood pressure in vivo.
M A T E R I A L S A N D M E T H O D S

Animals
All animals were used in accordance with the French and European guidelines for the use of laboratory animals, in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. All procedures and protocols were reviewed and approved by the ethic committee of Paris Descartes University and the French Ministry of Research (Protocol N 14-061). In this study, we used the binary transgenic mouse model developed initially by Choi et al. [16] in which pendrin expression can be induced with doxycycline. Briefly, the model requires the presence of two transgenes. The 'effector' transgene [Tg [E] ; Tg(RP23-265L9/rtTA2S-M2/ NeoR)1Ajg] allows the expression of the reverse tetracyclinecontrolled transactivator (rtTA) to be under the control of the mouse Slc26a4 promoter and cis-regulatory elements. The 'responder transgene' [Tg[R]; Tg(AcGFP/TRE/Slc26a4)2Ajg] carries the full-length mouse Slc26a4 cDNA under the control of the tetracycline operator TetO (Figure 1 ). Both transgenes are maintained on the Slc26a4 D/D background initially developed by Everett et al. [17] so that the responder transgene is the only source of functional pendrin. This model has been characterized previously and proven to provide tight and inducible expression of pendrin in the inner ear [16, 18, 19] . To induce Slc26a4 expression, mice were administrated drinking water containing 0.2 g doxycycline hyclate (Sigma-Aldrich) with 5 g sucrose per 100 mL of deionized water [16] .
Generation and genotyping of transgenic mice
Mice on a Slc26a4 , which yielded a 445-bp fragment, as described by Choi et al. [16] .
Immunofluorescence studies and immunoblot analyses
Procedures for immunofluorescence studies or immunoblot analyses have been previously detailed extensively elsewhere [20] . Briefly, kidney sections were labeled with a rabbit polyclonal anti-pendrin antibody [20] (diluted 1:200), a guinea pig anti-AE1 [21] (diluted 1:5000), a goat anti-AQP2 (diluted 1:500) and a chicken anti-Atp6v1e1, which detects the V H þ -ATPase [22] (diluted 1:500), using standard techniques as previously described in detail [23] . For western blot analyses, 10-15 lg of the membrane-enriched protein fraction was separated on reducing 7.5% polyacrylamide-SDS gels. Protein loading was assessed on gels run in parallel and stained with Coomassie blue [5] . Blots were probed with a primary rabbit polyclonal anti-pendrin antibody [12, 24] a kind gift from Susan Wall (Emory University, Atlanta, GA, USA). Proteins were detected by chemiluminescence (ECL kit, Amersham Biosciences).
Biochemical and hormonal measurements
Blood gases analyses were performed by retro-orbitary punction on awake animals and pH, PCO 2 
were measured with an ABL 77 pH/blood gas analyzer (Radiometer). Blood bicarbonate concentration was calculated by the auto-analyzer from the measured values using the Henderson-Hasselbach equation.
Measurements of blood pressure by radiotelemetry
Age-matched (2-3 months old) male mice were first treated for at least 15 days with doxycycline to induce strong renal pendrin expression. Since doxycycline-inducing pendrin expression is a genetic induced process, occurring progressively, blood pressure was not recorded during this phase. After anesthesia with pentobarbital (50 mg/kg) by intraperitoneal (IP) injection, telemetric devices were implanted according to the standard protocols 1 week before the doxycycline suspension. Briefly, catheters were inserted into the right femoral artery and attached to a radiotransmitter (Physio Tel HD-X11; Data Sciences International) located on the back. Mice were allowed to recover for 2-3 days at which time they were placed in cages (Hatteras Instruments) and permitted to acclimate to the cages for an additional 5 days. Blood pressure was continuously recorded using a telemetry receiver (Physio Tel DSI receiver; Data Sciences International). Figure 1A and [16] ) to control pendrin expression in the inner ear of pendrin KO mice with doxycycline also works in the kidney. Kidneys from Slc26a4
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D/D and Tg[E];Slc26a4 D/D mice were harvested after 2-3 weeks of doxycycline administration. In some mice, doxycycline was administrated for 2-3 weeks and then withdrawn for 5 days to check whether pendrin expression driven by the Tet-on system is reversible. Kidney cortices were dissected manually and pendrin expression was assessed by western blot. Figure 1B and 
Effects of pendrin expression on plasma electrolytes
In the kidney, pendrin is a chloride/bicarbonate exchanger, which controls the excretion of base into urine in response to metabolic alkalosis or to a dietary alkali load. Accordingly, disruption of the Slc26a4 gene has been shown to impair the capability of the kidney to cope with an alkali load and can lead to the development of metabolic alkalosis [25] . Therefore, we tested the effects of the presence or absence of pendrin on blood pH, PCO 2 [25] and renal reclamation of NaCl [20] . However, it should be noted that the changes following the deletion of pendrin expression were of very limited magnitude since changes in
Effects of the presence of pendrin on blood pressure in basal conditions
We tested whether the chronic presence or absence of pendrin alters blood pressure in mice. Mice were fed a normalconcentration sodium (0.3% Na þ ) diet. Systolic and diastolic blood pressure and heart rate were monitored continuously by radiotelemetry. Figure 5 shows that Tg[E];Tg[R];Slc26a4 D/D mice fed a normal salt diet and given doxycycline for at least 2-3 weeks exhibited no significant differences in systolic and diastolic blood pressure or heart rate compared with their controls (Slc26a4
. This is consistent with previous studies performed with mice with constitutive genetic deletion of pendrin that observed normal blood pressure under basal conditions [8, 9] . In this study, our primary goal is to determine whether acute depletion of pendrin is an effective strategy to lower blood pressure. However, no specific inhibitors of pendrin, or simply, of renal chloride transport that can be administered in vivo, have been identified. Therefore, our aim was to use the model developed by Choi et al. [16] to test the effect of the acute depletion of pendrin as an alternative strategy to pharmacological inhibition.
Tg[E];Tg[R];Slc26a4
D/D mice were treated for 2-3 weeks with doxycycline to induce robust expression of pendrin in the kidney. The duration of doxycycline administration was designed to allow the diminution of compensatory mechanisms that limit the effects of renal pendrin depletion and that are likely to account for the normal blood pressure observed in pendrin-deficient mice in the preceding experiments. Figure 6 shows that upon withdrawal of doxycycline, systolic and diastolic blood pressure dropped significantly in Figures 5 and 6 demonstrate that whereas congenital pendrin deletion has limited effects on blood pressure, likely due to the recruitment of compensatory mechanisms, acute depletion of pendrin is an effective intervention to modulate blood pressure.
D I S C U S S I O N
Hypertension is one of the most common diseases affecting the human population. It is a major risk factor for many cardiovascular diseases including stroke, ischemic cardiopathy, chronic renal failure and ischemic arteriopathy. For example, 50% of myocardial infarctions and 62% of strokes are caused by high blood pressure. As a consequence, preventing the raise in blood pressure, or lowering high blood pressure, is expected to have enormous impact on health costs, and hence, is considered as health priority worldwide.
However, despite the availability of different and complementary classes of antihypertensive therapies, only half of hypertensive patients exhibit an appropriate control of their blood pressure. Most patients (>75%) require a combination of at least Resistant hypertension, which is defined by a blood pressure that remains >140/90 mmHg in patients receiving three independent classes of antihypertensive drugs, affects up to 30% of the patients. Moreover, the actual effectiveness of some antihypertensive treatments to decrease blood pressure, and more importantly, to increase the lifespan of the patients is still a matter of discussion. Thus, the development of new drugs targeting blood pressure is clearly required to establish effective therapies for hypertension. 
D/D and Slc26a4 D/D mice. Systolic and diastolic blood pressures were continuously recorded by radiotelemetry. During all the experiments, mice were fed a normal salt (0.3% Na þ ) diet and were administrated doxycycline during at least 2-3 weeks. Data are presented as the mean 6 standard error of the values obtained during either the active (night) or inactive (day) period; n ¼ 4-6 per group. The differences in heart rate, systolic and diastolic blood pressures were tested by one-way ANOVA.
Depending on the molecule, different diuretics lead directly or indirectly to a reduced NaCl absorption along the nephron. Acetazolamide inhibits carbonic anhydrase, which leads to a reduced sodium absorption via the apical Na þ /H þ exchanger of the proximal tubule. Loop diuretics inhibit the apical Na
À cotransporter NKCC2 of the thick ascending limb (TAL). Thiazides are blocker of the NaCl cotransporter NCC of the distal convoluted tubule. Finally, Ksparing diuretics are blockers of the sodium channel ENaC, which is present in principal cells of the connecting tubule and of the collecting duct. The beneficial effects of one particular diuretic is generally limited, however, either by a decrease in the glomerular filtration rate (particularly, if sodium absorption by the proximal tubule is inhibited) or more generally by an adaptative increase of the activity of the various sodium transporters that are not targeted by the molecule. Indeed, many physiological studies in rodents have confirmed the crucial role of kidney in salt-sensitive hypertension when transport activity is increased [26] and its ability to compensate when it is decreased. For example, deletion of NCC is compensated by a marked upregulation of pendrin, Na-driven chloride bicarbonate exchanger (NDCBE) and ENaC [4, 6, 27, 28] . In the same way, disruption of ROMK1 [29, 30] , which affects NaCl absorption by TAL cells, is compensated by upregulation of NCC, and possibly ENaC. This has important consequences in clinical practice as the same phenomenon can occur and lead to 'diuretic resistance' in hypertensive patients. Indeed, a recent study in humans strongly suggests that the simultaneous blockade of several renal NaCl transport systems is an effective strategy to optimize volume depletion and hence the control of volumedependent hypertension [31] . Several studies have recently shown that constitutive disruption or overexpression of the chloride transporter pendrin can significantly affect blood pressure [32] . Indeed, mice with pendrin disruption are resistant to mineralocorticoid-induced hypertension [9] . They were also unable to adapt to a low-NaCl diet or selective Cl À restriction, and developed hypotension in these settings [7, 8] . Conversely, overexpression of pendrin in renal-intercalated cells leads to chloride-sensitive hypertension [20] . It was also reported that pendrin disruption markedly potentiated the effects of NCC disruption and that mice with dual knockout of both NCC and pendrin had very severe volume depletion [27] . No measurements of blood pressure were reported in this model [27] . A recent study using a high throughput screen of small molecules describes the identification of two novel pendrin inhibitors [33] . One of these compounds increases the natriuretic effects of furosemide, a loop diuretic, indicating that it might be useful to limit resistance to diuretics. However, this pendrin blocker had no effects when administrated alone, suggesting that either pendrin is active only in volume-depleted states or that the dose used in this study was not optimal. The effects of this drug on blood pressure were not investigated [33] .
To overcome potential drug-related pharmacokinetic and pharmacodynamics issues, we choose to use a genetic approach to study the acute effects of selective disabling of pendrin function [16] . Here, we show that the acute genetic disruption of pendrin is able to significantly lower blood pressure while the effects on acid-base status or on blood potassium concentration are negligible. The observation that pendrin blockade can affect blood pressure while the number of pendrin-expressing cells along the nephron is limited might appear to be quite surprising. However, it is worth noting that the blockade of this chloride transporter might actually affects simultaneously different sodium transport pathways; as previously shown, sodium and chloride transporters are strictly involved in the generation of salt-sensitive hypertension [34] . Indeed, we demonstrated that pendrin-dependent chloride absorption is coupled with NDCBE in the cortical collecting duct to mediate electroneutral thiazide-sensitive NaCl uptake [4, 35] . However, data from the groups of Mark Knepper and Susan Wall demonstrated that pendrin can also work in tandem with ENaC [36, 37] . The relative importance of either one pathway upon the other seems to depend upon the model used, and thus, is probably regulated by different factors like hormones such as the renin angiotensin system, bradykinin, tissue kallikrein or vasopressin [4, 9, [37] [38] [39] [40] . Nevertheless, the fact that inhibition or disruption of pendrin can affect different sodium transporters might explain why the inactivation of the transporter has such an important impact on blood pressure.
In summary, our study adds evidence on the important role of pendrin in controlling blood pressure and candidates this strategy as potentially effective as an additional antihypertensive treatment in humans. 
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